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Abstract

Potassium-ion batteries (PIBs) have been considered as a promising alternative to lithium-ion
batteries due to their merits of high safety and low cost. Two-dimensional transition metal
chalcogenides (2D TMCs) with high theoretical specific capacities and unique layered structures
have been proven to be amenable materials for PIB anodes. However, some intrinsic properties
including severe stacking and unsatisfactory conductivity restrict their electrochemical
performance, especially rate capability. Herein, we prepared a heterostructure of high-crystallized
ultrathin MoSe, nanosheets coated multiwall carbon nanotubes and investigated its electrochemical
properties with a view to demonstrating the enhancement of a collective strategy for K storage of
2D TMC:s. In such a heterostructure, the constructive contribution of CNTs not only suppresses the
restacking of MoSe; nanosheets but also accelerates electron transport. Meanwhile, the MoSe>
nanosheets loaded on CNTs exhibit an ultrathin feature, which can expose plentiful active sites for
the electrochemical reaction and shorten K* diffusion length. Therefore, the synergistic effect
between ultrathin MoSe, and CNTs endows the resulting nanocomposite with superior structural
and electrochemical properties. Additionally, the high crystallinity of the MoSe2 nanosheets further
promotes the improvement of electrochemical performance. The composite electrode delivers high
rate capacities of 209.7 and 186.1 mA h g at high current densities of 5.0 and 10.0 A g7,

respectively.



1. Introduction
Since lithium-ion batteries (LIBs) were commercialized by the Sony Corporation in 1991, this kind
of rechargeable battery has rapidly dominated the market of electrochemical energy storage.'™
However, the scarcity and uneven distribution of lithium sources in the earth's crust overshadow the
future of LI1Bs.>8 In recent years, potassium-ion batteries (PIBs) as a promising alternative to LIBs
have come into the spotlight because of their distinguished features, such as the similar redox
potential of K/K™* to that of Li/Li*, the greater abundance and accessibility of potassium resources,
and the higher ion-insertion potential.® ®* Until now, a variety of materials have been explored as
PIB anodes, among which two-dimensional transition metal chalcogenides (2D TMCs) have been
considered a potential option because of their high theoretical capacities and unique structural
properties.> & Unfortunately, 2D TMCs are largely restricted by the issues of easy stacking and
relatively low electronic conductivity, resulting in rapid capacity fading and insufficient
electrochemical performance.'> 1

To circumvent the aforementioned problems and meanwhile to improve electrochemical
performance, structured design and carbon modification have been widely adopted. Structured
design can endow 2D TMCs with a few advantages: () the severe aggregation of 2D nanosheets
can be prevented, thus exposing plentiful active sites for electrochemical reactions; (II) ion and
electron diffusion pathways are shortened effectively; (111) the strain of volume change during
discharge-charge processes is alleviated to a certain extent.!’'® With regard to hybridizing with
carbon materials, it is no doubt that the problem of the inferior conductivity can be relieved, which
is in favor of enhancing rate capability.'® 2°-2® Besides, characteristic properties originated from
carbon materials can be integrated into the resulting composite.?: 2% 24 25 For example, porous
carbon with excellent adsorption enables electrolytes to adequately infiltrate into active materials.?
Additionally, to achieve a further enhancement of K storage capability, the crystallinity of 2D

TMCs that directly decides their electrochemical performance in different mechanism-dominated



reactions should attract more attention.?” Although previous studies obtained encouraging results by
using various material engineering technologies, it is still necessary to explore the relationship
between the material themselves and their electrochemical properties with a view to pursuing
further improvement. Based on these recognitions, a collective strategy that combines structured
design, carbon modification, and crystallinity regulation appears to be a feasible route to optimize
the energy storage capability of 2D TMCs in PIBs.

In this work, MoSe;, a flagship member of the 2D TMCs’ family, is chosen as a demonstrator
because of its relatively large interlayer spacing and narrow bandgap; 1D multiwall carbon
nanotubes (CNTs) with excellent mechanical robustness, superior chemical stability, and high
electronic conductivity are engaged as a scaffold for planting high-crystallized 2D nanostructured
MoSe. The synthesized nanocomposite is endowed with better structural and electrochemical
properties, thereby realizing enhanced electrochemical performance in a synergistic manner. Firstly,
the severe aggregation of MoSe2 nanosheets is effectively inhibited, exhibiting an ultrathin feature.
Secondly, the ultrathin MoSe, nanosheets provide a large surface area to electrochemical reactions
and short percolation pathways for electrolytes. Thirdly, electron transport is accelerated benefiting
from the good conductivity of CNTs. Last but not the least, the high crystallinity of MoSe;
nanosheets makes an important contribution to K storage at high rates. All of these advantages
collaboratively promote the electrochemical reaction to a considerable degree. Serving as an anode
in PIBs, the composite electrode exhibits high capacitive contributions at realatively low scan rates
and thus delivers competitive rate capability (209.7 and 186.1 mA h g* at 5.0 and 10.0 A g7,
respectively), being one of the best among the reported molybdenum chalcogenide-based PIB
anodes. We hope this work may provide a conceptual blueprint to show the positive effect of a

collective strategy on designing high-performance PIB anode materials.

2. Experimental Section

2.1. Materials Preparation



1.0 g CNTs were acid-treated in a mixture of HNO3s/H2SO4 solution with a volume ratio of 1:3, and
this mixture was refluxed with stirring vigorously for 3 h at 70 °C. Afterward, the acid-treated
CNTs (HCNTSs) were filtrated and rinsed with deionized (DI) water until the pH value was close to
neutral and then dried in a vacuum at 60 °C overnight. The ultrathin MoSe, nanosheets coated
CNTs composite was synthesized by a solvothermal method. In a typical procedure, 10.0 mg
HCNTSs were ultrasonically dispersed in a 25.0 mL mixture of DI water and absolute ethanol (2:3
vol%), and then 0.309 g NaoMoOs4 was added into the mixture. Separately, 0.236 g selenium

powders were dissolved in 5.0 mL N2Hs-H20 to form a dark red solution in an air atmosphere.

Thereafter, the hydrazine hydrate-Se solution was slowly dropped into the NaxMoOs-HCNTSs
solution with magnetic stirring. After 30 min, the mixture was transferred into a Teflon-lined
stainless-steel autoclave and heated at 180 °C for 12 h. After cooling to room temperature, the
product was rinsed with DI water and ethanol several times by centrifuging and dried in a vacuum
at 60 °C overnight. To improve the crystallinity, the obtained powders were annealed in a nitrogen
atmosphere at 600 °C for 3 h with a ramping rate of 5 °C min; the final product was namely
MoSe;@CNTSs. For comparison, pure MoSe, was prepared by the same method without adding
HCNTs, and low-crystallized MoSe> (L-MoSe;) was synthesized by a simplex solvothermal process
without annealing.

2.2. Material Characterization

The morphology of the samples was measured by field-emission scanning electron microscopy
(SEM, Zeiss AURIGA). The microstructure, element composition, and crystal lattice were
characterized by FEI Titan 80-300 aberration-corrected transmission electron microscopy (TEM).
The crystallographic structure was recorded on X-ray diffraction (XRD, X’Pert-Pro MPD). The
information on chemical bonding was investigated by Raman spectroscopy with laser excitation at

532 nm (inVia Raman microscope). The surface chemistry information was analyzed by X-ray



photoelectron spectroscopy (XPS, ESCALAB MK II). Thermogravimetric analysis (TGA) was
carried out from 100 to 700 °C under a flow of air.

2.3. COMSOL Simulation

The simulation of electric field distribution in electrodes was carried out by using software of
COMSOL Multiphyics (ACDC module of simple resistor). The steady-state electric property in

simulation obeys the following current conservation equations:

V-]=0 1)
J =0k (2)
E=-VV (3)

where J, E, and V are current density, electric field, and electric potential in the electrode,
respectively. The electric conductance (o) of the electrode materials (i.e., MoSe, and CNTSs) are
obtained from the software database. A three-dimensional layout was used for simulation and the
geometrical parameters (e.g., the diameter of the core CNTs and the thickness of the shell MoSe,)
of the nanocomposite electrode are obtained from the corresponding SEM images. The electrodes
are set to be squarely arranged and the periodicity (namely, inter-electrode distance) is in
accordance with the experimental observation. Meanwhile, a planar MoSe: film with the same

thickness as that of the nanocomposite electrode was used for comparison.

2.4. Electrochemical Measurements

The working electrode was prepared by mixing the active materials, Super P, and carboxymethyl
cellulose sodium at a weight ratio of 7:2:1 in DI water. The mixture was uniformly coated on a
copper foil with a mass loading of 1-2 mg cm, and then it was dried in a vacuum oven at 105 °C
for 12 h. Electrochemical measurements were conducted using CR2032 coin cells. The coin cell

was assembled in a nitrogen-filled glovebox with oxygen and moisture contents less than 0.1 ppm.



Metallic potassium as a counter electrode was separated from the working electrode by a glass fiber
membrane (Whatman, Grade GF/B). 3.0 M potassium bis(fluorosulfonyl)imide in dimethoxyethane
was employed as an electrolyte. Galvanostatic discharge/charge measurement was performed on a
Land CT 2001A battery testing system (Land, China) at different current densities in a voltage
range of 0.01-3.0 V at room temperature. Cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS) were carried out on a VVSP electrochemical workstation (Bio-Logic, France).

3. Results and Discussion

The preparation procedure of MoSe.@CNTs is briefly displayed in Scheme 1. Firstly, CNTs were
acid-treated by a mixing acid solution and thus a plentiful of hydroxyl and carboxyl groups were
grown on the surface of CNTs. Afterward, HCNTs mixed with the selenium and molybdenum
sources were reacted under a facile solvothermal condition. Owing to the groups of HCNTSs, the
MoSe; nanosheet was anchored on CNTs, exhibiting an ultrathin feature. Finally, to improve the
crystallinity of the MoSe, nanosheets, the obtained products from the solvothermal process were

annealed in an inert atmosphere.

solvothermal

acidation
annealing

CNTs HCNTs MoSe,@CNTs

Scheme 1. Schematic illustration for the preparation of MoSe2@CNTSs.

The morphology characterization of the samples was implemented by SEM. CNTs have a 1D
structure with a monodisperse diameter of ~20 nm and display smooth surfaces (Figure S1). Figure
1a shows the pure MoSey, it is visible that the nanosheets stack closely into a flower-like spherical

7



architecture with several hundred nanometers in size. In regard to MoSe.@CNTSs, the corrugated
MoSe, nanosheets have been perpendicularly coated on the surface of CNTs without obvious
aggregation (Figure 1c and S2), exhibiting an ultrathin characteristic with a thickness range of 3-5
nm, which can be attributed to the fact that CNTs provide a good supporter to anchor the edge-
oriented MoSe, nanosheets, thus largely restraining the MoSe> nanosheets from stacking (see the
inset in Figure 1¢).% 2% In such a 2D-1D heterostructure, the 2D ultrathin MoSe2 nanosheets can
expose abundant active edges for K* adsorption and largely shorten K* diffusion length, meanwhile,
1D CNTs can serve as good conducive pathways for electrons.?® 3031

The microstructure of the as-obtained samples was examined by high-resolution transmission
electron microscopy (HRTEM). The MoSe2 nanosheets in both samples display a typical lamellar
structure, as depicted in Figure 1b and 1d. It is noteworthy that the pure MoSe; possesses a
standard value of interlayer spacing (0.65 nm), corresponding to the (0 0 2) lattice spacing, while
the interlayer spacing of the ultrathin MoSe, nanosheets in MoSe.@CNTSs slightly increases to 0.68
nm. This phenomenon was commonly observed by the studies on 2D TMC-based composites,
which could be attributed to the twisted crystal structure and nanonization of MoSe2.? 2% 3233 The
expanded interlayer spacing is conducive to enhancing the intrinsic diffusivity of K*.34 Meantime, a
lattice spacing of 0.28 nm, corresponding to the (1 0 0) plane of hexagonal MoSe>, is measured in
both samples (the inset in Figure 1b and 1d), and the lattice fringes are aligned high-orderly. In the
case of L-MoSey, it has a similar flower-like layered structure to the pure MoSe, (Figure S3),
however, its lattice fringes are disordered in the majority of microareas (Figure S4), confirming its
low crystallinity. The elemental mapping images reveal that molybdenum and selenium elements

overlap with each other and uniformly distribute on the whole surface of CNTs (Figure 1e).



Figure 1. (a) SEM and (b) TEM images of the pure MoSe,. (¢) SEM and (d) TEM images of
MoSe>@CNTSs. (e) Elemental mapping images of MoSe.@CNTSs.

The crystalline structure was characterized by XRD, as shown in Figure 2a. All the diffraction
peaks of both samples are well indexed to 2H-MoSe, (JCPDS no. 29-0914), suggesting a high
purity phase of MoSe. Notably, the relative intensity of (0 0 2) diffraction plane of MoSe;@CNTs
is weaker than that of the pure MoSe2, which could be ascribed to the ordered structure and ultrathin
feature of the MoSez nanosheets.?® Meanwhile, the crystal facial plane at (0 0 2) of MoSe2@CNTs

(26 = 13.0°, corresponding to 6.8 A) has a slight shift towards the lower Bragg angle compared to
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that of the pure MoSe; (20 = 13.5°, corresponding to 6.5 A), signifying the expanded interlayer
spacing of the ultrathin MoSe> nanosheets in MoSe2@CNTSs, which is in good accordance with the
HRTEM results.®® Besides, a small broad hump at 26.3° (indicated by a purple diamond) in the
pattern of MoSe:@CNTs can be indexed to the (0 O 2) plane of CNTSs. In stark contrast, as
displayed in Figure S5, L-MoSe> has more broadened peaks and lower peak intensity, confirming
its lower crystallinity and a high-disordered structure.

Raman spectrum was used to study structural information and characteristics (Figure 2b). Both
samples have similar characteristic peaks that belong to the mode of MoSe; in the frequency range,
however, the intrinsic absorption distinction between MoSe; and CNTs to the Raman laser leads to
the result that the peak intensity of MoSe,@CNTSs is weaker than that of the pure MoSez.2* The

signals at 239.8 and 284.9 cm represent the out-of-plane mode (Aig) and in-plane mode (E%g) of

2H-MoSe,, respectively.®® 37 In the high-frequency range, two distinct broad peaks located at
around 1352 and 1595 cm™ are observed in MoSe:@CNTs but are absent for the pure MoSe..
These two peaks are responsible for the D-band and G-band of CNTs, respectively.®” * XPS was
performed to reveal the chemical composition and bonding state. The XPS survey spectrum shows
the existence of Mo, Se, and C in MoSe2@CNTSs (Figure S6). The high-resolution C 1s spectrum
(Figure 2¢) is deconvoluted into C-O (286.5 eV) C-C (284.4 eV), and C-Mo (282.5 eV).* In the
Mo 3d spectrum (Figure 2d), two obvious peaks located at 231.7 and 228.6 eV are assigned to Mo
3ds2 and Mo 3dsy2, The Se 3d spectrum in Figure 2e is fitted by two peaks with binding energies of
55.2 and 54.3 eV that correspond to Se 3ds» and Se 3ds2.%° “° Both Mo 3d and Se 3d spectra of
MoSe,@CNTSs possess similar chemical states to those of the pure MoSe> (Figure S7). The Raman
and XPS results indirectly verify the formation of MoSe.@CNTs and reveal the interface
synergistic effect between the MoSe, nanosheets and CNTs.*!

TGA was used to ascertain the component content of MoSe.@CNTSs. As presented in Figure 2f,

a major weight changing takes place between 300 and 500 °C. Therein, the weight increase before
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350 °C arises from the formation of SeO> and MoOs during the oxidation of MoSe,. Along with the
further rise of temperature, the significant weight decrease is due to the gasification of SeO, and the
combustion of CNTs. When the temperature reaches 500 °C, the weight remains constant, which
implies that the oxidation is completed. The residual weight belongs to MoOs. According to the

calculation by Equation S1, the content of MoSe> in MoSe2x@CNTS is 81.55%.
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Figure 2. (a) XRD patterns and (b) Raman spectrum of MoSe;@CNTs and the pure MoSez. (c)
High-resolution XPS spectra of (d) C 1s, () Mo 3d, and (d) Se 3d of MoSe2@CNTSs. (f) TGA curve
of MoSe2@CNTs.

Galvanostatic tests were used to study K* storage performance with a voltage window of 0.01-
3.0 V. In this range, both intercalation and conversion reactions contribute to the K* storage of
MoSe>. We first investigated the effect of crystallinity by comparing the rate capability of the pure
MoSe; with that of L-MoSe>. As shown in Figure 3a, when cycled stepwise at 0.1, 0.2, 0.5, 1.0,
2.0, and 5.0 A g%, the pure MoSe; delivers reversible capacities of 310.1, 297.2, 261.1, 217.5, 193.0
and 161.1 mAh g. Even at a high current density of 10.0 A g, the capacity still maintains 137.5
mAh g1, In contrast, although L-MoSe; delivers higher reversible capacities than those of the pure
MoSe; at relatively low current densities (370.9, 333.8, 270.7, and 227.9 mAh g* at 0.1, 0.2, 0.5,
and 1.0 A g}, respectively), only capacities of 176.0 and 80.5 mAh g* are achieved when cycled at
high current densities of 2.0 and 5.0 A g (Figure S8). This phenomenon matches well with the
result of our previous study, that is, the high crystallinity can remain structural integrity of
molybdenum dichalcogenides when intercalation and conversion reactions both contribute to the K*
storage, thus resulting in higher capacities at high rates.?” The MoSe.@CNTs electrode was cycled
at the same current densities with the pure MoSe, (Figure 3a). It exhibits reversible capacities of
354.8, 339.4, 293.0, 264.4, 245.3, 209.7, and 186.1 mAh g*tat 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 A
g, respectively. When the rate was reverted to 0.1 A g, a specific capacity of 401.2 mAh g is
obtained. This rate capability is one of the best among the reported results on molybdenum
dichalcogenide-based PIB anodes (Figure 3b and Table S1).% 404248 CNTs as a control group were
cycled at the same rate range of 0.1-10.0 A g* (Figure S9). It is obvious that the capacities at each
current density are much lower than those of MoSe2@CNTSs, meaning that the MoSez nanosheets in

MoSe,@CNTs make the major contribution to the K* storage.
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The electrochemical behavior of the samples is also revealed by comparing galvanostatic

discharge-charge profiles, as presented in Figure S10. L-MoSe> exhibits three semi-plateaus (>
1.12,1.12-0.34, and << 0.34 V) during discharge and two slopes (1.45 and 2.0 V) during charge. As

for the pure MoSe», it shows two well-defined discharge plateaus (0.88 and 0.31 V) and a slope
towards 0.01 V during discharge and a plateau at 1.53 V during charge. It is clear to see that three
areas present in the discharge profiles of both the pure MoSe> and L-MoSe, (marked by the red
dotted lines); they correspond to the process of intercalation, conversion, and interfacial reactions,
respectively.*® The higher and wider insertion potential of L-MoSe; is attributed to its numerous
disordered structures and defects providing spaces for the insertion of K* at relatively higher
potential during the potassiation.® These disordered structures and defects are also responsible for
the higher initial capacity.>! Meanwhile, the MoSe,@CNTs sample with high crystallinity exhibits a
similar discharge-charge profile with the pure MoSe,. Additionally, the electrochemical property of
MoSe,@CNTs was investigated by CV measurement. The initial three CV curves of MoSe2@CNTs
with a scan rate of 0.1 mV s are depicted in Figure 3c. In the first cathodic sweep, two reduction
peaks at 0.81 and 0.24 V are observed. The peak of 0.81 V could be correlated to the intercalation of
K* into the interlayer of MoSe, resulting in the formation of KxMoSez. And the peak of 0.24 V
could be associated with the conversion reaction of KyMoSe>to Mo metal and K-Se compound, as
well as the formation of irreversible solid electrolyte interphase (SEI) layers. In the subsequent
anodic sweep, an oxidation peak appearing at 1.77 V could be related to the extraction of K*. From
the second cycle onward, the initial two reduction peaks vanish and a new peak emerges at 1.13 V,
meanwhile, the anodic peak shifts to 1.80 V, which could account for the structure changing of
MoSe,.4% 52 53 After the first discharge-charge process, the CV curves overlap very well, implying
the high reversibility of MoSe;@CNTs after the initial potassiation-depotassiation. The small
difference in voltage position between the galvanostatic discharge-charge profiles and the CV

curves could be ascribed to the different measurement systems, in which the slow scan rate in the
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CV testing can provide enough time to complete the oxidation-reduction process, whereas the
higher current density used in the galvanostatic measurement leads to the inadequate
electrochemical redox reaction.>*

Cycling stability as an important parameter for rechargeable ion batteries was investigated in our
case. MoSe;@CNTs and the pure MoSe; were cycled at a current density of 0.1 A g. After the first
cycle, the discharge plateaus at 0.88 and 0.31 V are replaced by a plateau at about 1.25 V (Figure
S11), while the charge plateaus are retained. These plateaus can be kept till 100 cycles in
MoSe>@CNTSs, whereas the plateaus are gradually unobvious in the pure MoSe». In the initial cycle,
the discharge/charge capacities of MoSe,@CNTs are 543.8/376.9 mAh g?, corresponding to
Coulombic efficiency (CE) of 69.30%. In the second cycle, the discharge and charge capacities
decreased to 371.5 and 347.7 mAh g, respectively, while the CE increases to 93.53%. The low
initial CE and capacity loss are most likely caused by the decomposition of the electrolyte and the
formation of SEI layers.® %0 After 100 cycles, as shown in Figure 3d, the MoSe@CNTs electrode
remains a capacity of 320.9 mAh g with a capacity retention of 86.4%, which still reaches 76% of
the theoretical capacity of MoSe; (422.3 mAh g, as shown in Equation S2). As for the pure MoSe;
electrode, it displays a relatively low initial discharge capacity of 485.4 mAh g, and the capacity
falls to 325.1 mAh g* in the second cycle. Besides, it only maintains a capacity of 121.8 mAh g* at
the 100" cycle, corresponding to 37.5% retention. Additionally, the stability of MoSe;@CNTs at a
high current density was studied by cycling at 2.0 A g* after 10 cycles at 0.1 A g* (Figure 3e). It

retains 203 mAh g* and 159 mAh g after 100 and 200 cycles, respectively, with the CE of > 99%.
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Figure 3. (a) Rate capability of MoSe2@CNTs and the pure MoSe,. (b) Comparison of the rate
capability of MoSe>@CNTs and previously reported molybdenum chalcogenides. (c) CV curves of
MoSe,@CNTs at 0.1 mV s, (d) Cycling performance of MoSe.@CNTs and the pure MoSe; at 0.1
A gl (e) Cycling performance of MoSe;@CNTs at 2.0 Ag™.

In comparison to the pure MoSez, MoSex@CNTSs exhibit better electrochemical performance,
especially rate capability. Except for the structural features that were shown in Figure 1, the
superior conductivity provided by CNTs serves as a critical role. To illustrate the effect of CNTSs, a
simulation of electric field distribution was conducted by COMSOL. The model set-up such as
geometrical features of CNTs and MoSe. was obtained from the SEM and TEM images. Figure 4a
and 4b show the cross-sectional electric field maps of MoSe; without and with CNTs modification,
respectively. Obviously, the electric field of the MoSe> coated at CNTs is about 3.5-6.0 times
higher than that of the pure MoSe, counterpart. The enhanced electric field is of great significance
for electron transportation, leading to the improvement of the electrochemical performance. EIS
was further carried out to elucidate the effect of CNTs. Figure S12 shows the Nyquist plots of
MoSe,@CNTs and the pure MoSe> recorded after 10 and 50 cycles. They consist of a semicircle at
high-to-medium frequency ranges and a tail at low frequency regions, which refer to charge transfer
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resistance (Rct) and K ion diffusion.> ° The impedance data could be fitted by an equivalent circuit
shown in the insert of Figure S12. It is evident that the MoSe.@CNTSs electrode exhibits smaller Rct
values as compared to the pure MoSe> regardless of cycles. The Rt values of the MoSe;@CNTSs
electrode after 10 and 50 cycles are 2797 and 3223 Q, respectively, whereas the resistances of the
pure MoSe, reach 4061 Q at the 10" cycle and 4749 Q at the 50" cycle, which indicate the
enhanced conductivity and reduced charge transfer resistance of the MoSe,@CNTs electrode.>" %8
We noticed that a recent work reported MoSe> nanosheets anchored N-doped carbon nanotubes,
where polypyrrole was employed as a carbon precursor.>® However, the delivered electrochemical
performance is lower than that of this work to a large degree. Herein, two advantages derived from
CNTs could elucidate the reason: (1) in comparision to other carbonaceous materials (e.g. graphite
and carbon black), CNTs as a conductive additive for anode materials provide a more effective
scheme to introduce electron transmission pathways in electrodes with a relatively low content,
therefore, the ratio of main active material in CNT-based composites is much higher, which is
beneficial to increase the energy density of the cell;®® (2) the comparison of the electrical
conductivity of CNTs with that of the vast majority of carbon materials shows that CNTs are at an
advantage, while the remarkable electrical conductivity of electrodes is one of prerequisites for ion

batteries with high-rate performance.5!
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patterns of MoSe.@CNTSs electrodes at different discharge-charge states.

The K* storage mechanism of MoSe.@CNTs was verified by ex situ XRD. Six same cells were
stopped at different states during the first discharge/charge process (Figure 4c), and then
disassembled in the glove box. Subsequently, the electrodes were dried in the vacuum chamber and
measured by XRD (Figure 4d). When discharging to 0.92 V, the characteristic peaks of MoSe: still
exist and no new peaks are detected, implying that only an intercalation-type electrochemical
reaction occurs. As further discharging to 0.45 V, all the peaks attributed to MoSe: vanish, and the

peaks of molybdenum oxide and K-Se compounds (KsSes and K.Ses) appear, among which the
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molybdenum oxide may result from the oxidation of Mo during the ex situ XRD testing in an air
atmosphere.'® 52 At the end of discharge, a weak peak at 38.7° indexed to K.Se was detected. In the
charging process, the peaks of the molybdenum oxide and K-Se compounds weaken gradually, at
the same time, some new peaks assigned to Se and MossSesg are found. When the electrode was
fully charged to 3.0 V, the peaks of MoSe, reappeared, but the peak at 22.5° of the molybdenum
oxide not fully disappeared. These results well match the CV curves and indicate that the K* storage
mechanism of MoSe: is a partially reversible conversion reaction.

The kinetics of MoSe>@CNTSs was analyzed based on the CV measurement at scan rates ranging
from 0.1 to 1.0 mV s, As the scan rate increases, the CV curves keep the same outlines, and the
depotassiation peaks broaden and cover higher potential ranges, implying the existence of
capacitive behavior (Figure 5a).®* ® The following Equation 4 can be used to verify this
speculation, where the peak current (i) obeys a power-law relationship with the scan rate (v).

i=av? (4)

log(i) = blog(v) + log(a) (5)

where a and b values are adjustable parameters. The b value could be determined by the slope of
log(i) versus log(v) (Equation 5) and provide information about charge storage behavior. Generally,
electrochemical processes are dominated by diffusion-controlled behavior when b value closes to
0.5, while b value is about 1.0 suggesting a capacitive process.®® % In our case, the b values of the
anodic and cathodic peaks are 0.88 and 0.86, respectively, signifying the synergistic contribution of
diffusion-controlled and capacitive processes (Figure 5b).2> % The following Equations 6-7 are
used to quantitatively analyze the contribution from the mixed behaviors.

i = klv + k2v1/2 (6)

i/v'/? = kw'? + k, (7)
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1/2 1/2

where ki and k. can be determined by plotting v versus i/v*2. kyv'? represents the quantity of
diffusion-controlled process, and kov denotes the contribution of capacitive behavior. Figure 5c
shows the calculated capacitive contribution ratio of 85.8% at a scan rate of 1.0 mV s*. A summary
of contribution at different scan rates is plotted in Figure 5d. The percentage of capacitive
contributions are 65.2%, 69.7%, 75.3%, 78.8%, 82.1%, and 85.8%, respectively, when the scan rate
increases from 0.1 to 1.0 mV s™. As is well-known, the higher capacitive contribution is favorable
for fast ion storage kinetics, thus electrode materials can exhibit better rate performance. However,

the majority of previous works on metal chalcogenide-based PIB anodes possess limited

capacitance contributions (<< 80%), even at very high rates.?> %9 Generally, to achieve high

capacitive contribution, the electrode material should meet three prerequisites: (1) fast mass
transport originated from short ion diffusion pathways and low ion diffusion resistances; (2) rapid
electron transfer within entire electrodes; (3) easily available active surface areas.®® 3! Our
heterostructured MoSe.@CNTs are in line with these three requirements, as illustrated in Figure

S13, thus delivering a high capacitance capacity contribution even at a low scan rate of 0.8 mV s,
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Figure 5. (a) CV profiles of MoSe@CNTs at different scan rates. (b) Functional relationship of the
peak current (i) vs. the scan rate (v). (c) Sketch view of the capacitive contribution ratio at a scan

rate of 1.0 mV s%. (d) Capacitive contribution ratios at different scan rates.

4. Conclusion

In summary, we synthesized a heterostructure of 2D high-crystallized ultrathin MoSe; nanosheets
coated 1D multiwall carbon nanotubes and employed it as an anode material for PIBs to reveal the
positive effect of a collective strategy for optimizing the K storage capability of 2D TMCs. In this
nanocomposite, CNTs restrain the aggregation of MoSe, nanosheets and act as a superior
conductive pathway for the electron transport, and meanwhile the ultrathin MoSe, nanosheets not
only expose abundant active sites for the electrochemical reaction but also shorten the diffusion

length for electrons/K ions. Furthermore, the high crystallinity of the MoSe, nanosheets, obtained

20



by the thermal treatment which is independent and compatible with the material synthesis method,
plays a positive role in enhancing the rate performance. By virtue of the combination of all these
advantages, the MoSe.@CNTs electrode delivered competitive rate capacities of 209.7 and 186.1
mA h gt even at high current densities of 5.0 A g™ and 10.0 A g%, respectively. We hope this study
could shed light on the importance of collective strategies in optimizing the electrochemical K
storage capability of 2D TMCs, and meanwhile provide a novel insight into designing pluralistic

electrode materials with synergistically enhanced electrochemical performance.
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